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Abstract
Challenges associated with path-following control for commercial displacement vessels under varying loading and draught conditions are 
addressed in this study. Adaptive control with the adaptation law technique is used to mitigate the adverse effects of uncertainty and unmodeled 
parameters on path-following, particularly in the presence of ocean disturbances. The proposed adaptive path-following control estimates the 
effect of unmodeled parameters and dynamic behavior by the state estimator. Then, the proposed structure adjusts the gains of the L1 controller. 
The indirect L1 control is used in the main controller, and stability proof is provided based on Lyapunov theory. The adaptive path-following 
control is proposed for the underactuated-very large crude carrier 2 (VLCC2) as a benchmark vessel. Hydrodynamic coefficients for full load 
and ballast conditions are determined using empirical formulas. Simulations are conducted in these loading conditions, accounting for a two-
knot ocean current, two-knot wind, and waves up to sea state 5. Results highlight that the fixed structure, such as the PID controller, fails to 
deliver satisfactory performance due to significant variations in the vessel’s mass, inertia, and draught. By contrast, the adaptive path-following 
control demonstrates robustness under varying conditions by effectively estimating the vessel’s unmodeled parameters.
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1  Introduction

Marine transportation plays a crucial role in global 
trade, moving a massive amount of goods across the 
world’s oceans each year. It accounts for approximately 
80% – 90% of global trade, transporting over 10 billion 
tons of containerized, solid, and liquid bulk cargo annually 
(Schnurr and Walker, 2019). The study of cost reduction 
and enhancement of the performance of maritime fleets 
has gained considerable interest from researchers. There‐
fore, the development and expansion of intelligent systems 
can boost capabilities, reduce costs, enhance safety, and 
improve transportation service quality in maritime lines. 

Path-following control systems are intelligent systems 
designed for many applications, such as underwater explo‐
ration and extraction (Pastore and Djapic, 2010), environ‐
mental data collection, and research (Švec et al., 2014). 
The main task of a motion control system is to maintain 
the vessel in a specific position and course. Although other 
missions may be considered, the main task is to control the 
position and course (Yuh et al., 2011). Marine vessel motion 
control systems are primarily categorized into two principal 
categories: dynamic positioning (DP) and path-following. 
The DP system is tasked with controlling the three motions 
of the vessel’s surge, sway, and yaw, whereas path-following 
focuses on controlling the forward speed and heading 
(Abril et al., 1997).

The path-following control system consists of three fun‐
damental components: guidance, navigation, and control, 
which operate in a continuous interconnection (Liu et al., 
2016). The navigation system estimates the instantaneous 
position, the guidance system generates path planning and 
path re-planning, and the control system provides appropri‐
ate commands to actuators to steer the vehicle (Hasanvand 
and Seif, 2023). Any defects within these components can 
result in disruption and inappropriate performance of the 
entire system. The intelligent motion control system gener‐
ally involves challenges that must be thoroughly examined 
and addressed prior to implementation on real-scale ves‐
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sels. The degree of freedom of the control system is a 
prominent limitation. While some marine vehicles are fully-
actuated (Feemster and Esposito, 2011; Wondergem et al., 
2010), commercial vessels are often equipped with two 
main thrusters (Majohr and Buch, 2006; Sharma and Sutton, 
2012) or are designed with a single thruster and rudder 
(Breivik et al., 2008; Sonnenburg and Woolsey, 2013); thus, 
they are considered underactuated. Underactuated vessels 
lack direct maneuvering capability in the sway direction. The 
capabilities of the actuators directly impact path-following 
control and can be enhanced through geometric character‐
istic optimization (Hasanvand and Hajivand, 2019; Hasan‐
vand et al., 2021).

Often, a fault or sensor-denied event can occur during 
endurance. Therefore, some studies have focused on faults. 
GPS-denied faults are among the most common faults in 
path-following control. However, a significant number of 
vessels rely on the global positioning system (GPS) for 
localization in both positioning methods. Nevertheless, the 
GPS-based system may not be accessible in some cases, 
necessitating the consideration of specialized measures 
(Leslie et al., 2022). A unique visual servo swarming 
method for a fleet of manned-unmanned surface vehicles 
(MUSVs) was proposed that incorporates visibility mainte‐
nance, swarm aggregation, collision avoidance, and velocity 
matching (Wang et al., 2023). A swarm of unmanned sur‐
face vehicles (USVs) with unknown inertia masses, inter‐
nal dynamics, and external disturbances can cooperate with 
a manned surface vehicle, resulting in flexible collective 
behavior in GPS-denied environments.

While a limited number of studies on the design of intel‐
ligent control systems for commercial displacement ves‐
sels have been conducted, the majority of research has 
focused on small-scale USVs. A research review concern‐
ing control approaches for USVs is beneficial, given the 
inherent dynamic similarities among these vessel types. In 
underactuated marine vehicles, a path-following control 
system focuses on regulating the speed and direction of 
the vessel. PID controllers have traditionally served as the 
primary and widely adopted method for managing the 
motions of these vessels (Moradi and Katebi, 2001). How‐
ever, challenges may arise owing to the nonlinear nature of 
surface vessel dynamics; these difficulties can be addressed 
by employing more advanced control structures, such as 
PID-fuzzy controllers (Talha et al., 2017).

We review some studies on path-following control for 
surface vessels. The Euler approach suggested an active 
disturbance rejection control for ship path-following (Zhang 
et al., 2022). The initial three degrees of freedom position 
control is converted into the one degree of freedom head‐
ing control using a backstepping method, constructing the 
virtual heading angle. An improved “dynamic virtual ship” 
guidance algorithm and an energy-efficient ship route fol‐
lowing a controller are developed by combining nonlinear 

feedback with adaptive backstepping (Zhao et al., 2023). 
A backstepping strategy introduced a nonlinear observer 
defined by an exponential function, which transforms path-
following into heading control (Liu et al., 2023). The model 
predictive control (MPC) method is used as a heading con‐
troller to handle the rudder optimization. Optimal usage of 
actuators is critical in vessel operations because the cost is 
directly influenced. However, continuous actuator usage 
leads to increased energy consumption, which is undesir‐
able. The design of optimal controllers, namely, LQR 
(Lefeber et al., 2003) and MPC (Chowdhury and Schwartz, 
2022) in this domain can be highly effective in optimizing 
the actuator usage. In advance procedures, reinforcement 
learning can improve the performance of the control sys‐
tem in some conditions. Therefore, optimal tracking con‐
trol of an unknown unmanned surface vehicle has been 
investigated by reinforcement learning (Wang et al., 2020). 
Moreover, an autonomous pilot framework with waypoint 
generation, path smoothing, and policy direction of a USV 
in congested waters is built for the first time by naturally 
integrating path planning and tracking. An elite-duplica‐
tion GA (EGA) approach is developed by adding elite and 
diversity operations to the genetic algorithm (GA) to pro‐
duce sparse waypoints in a limited space in the best possi‐
ble method (Wang et al., 2021).

The uncertainty parameters in the path-following con‐
trol of commercial vessels pose a challenge in designing 
the proposed system. Advanced control techniques, such as 
H∞ control (Zhao et al., 2022), sliding mode control (Liu 
et al., 2014a; 2014b), and neural network training (Pan et al., 
2013), can be utilized to mitigate the impact of uncertainty 
parameters. One of the well-known approaches to over‐
coming the uncertainties in vessel dynamics is the use of 
adaptive control structures. For instance, a study used an 
adaptive backstepping controller to mitigate the adverse 
effect of unknown disturbances and parameters (Chen et al., 
2012). Another research focused on an adaptive sliding 
mode controller for a multi-input, multi-output USV based 
on the Lyapunov function (Faramin et al., 2019). A nonlin‐
ear model and time-varying parameters devised an adap‐
tive path-following controller for a ship (Liu and Chu, 
2020). Diverse control methodologies, such as optimal 
adaptive control and adaptive sliding mode control (Feem‐
ster and Esposito, 2011; Ding et al., 2013; Annamalai et al., 
2014), have improved the control signal robustness in the 
autopilot system for ships and USVs, particularly under 
uncertain conditions. Uncertainty in position and orientation 
estimation poses an additional challenge in path-following 
control systems due to measurement sensor limitations. The 
use of an observer to estimate system states can notably 
enhance the controller’s performance. For instance, a 
study introduced an extended Kalman filter to enhance the 
control system of a USV (Wang et al., 2019). In some cases, 
the dynamic model is used for position estimation. Subsys‐
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tem failures in sensors and control equipment can poten‐
tially lead to a considerable loss of motion control. There‐
fore, the control system should be robust during potential 
failures (Wan et al., 2022).

Most studies have predominantly focused on the devel‐
opment of advanced path-following systems for small 
USVs. However, a noticeable gap in research concerning 
relatively large commercial vessels exists; this issue has 
been overlooked in previous investigations. Despite the 
abundance of studies on control, the impact of loading con‐
ditions on path-following systems for displacement vessels 
has yet to be explored. This study aims to enhance the per‐
formance of path-following control for underactuated dis‐
placement vessels, considering various loading conditions, 
such as ballast, full load, and other relevant scenarios. The 
L1 adaptive control (model reference) structure, which 
effectively mitigates the adverse effects of different loading 
conditions on path-following control, was used to address 
this gap. Simulations were conducted at full-scale, incorpo‐
rating challenging environmental factors, such as heavy 
sea waves, currents, and wind.

2  Equations of vessel motions

For motion description, two coordinate systems were 
defined in Figure 1. The Fossen dynamic model was utilized 
to describe the vessel’s motion and estimate the forces and 
moments acting on the hull (Fossen, 2002). The model 
considered three degrees of freedom: surge, sway, and yaw, 
ignoring heave, roll, and pitch because of their minor impor‐
tance. The ship was considered a rigid body in the vessel’s 
center of gravity. Equation (1) represents the positions, 
velocities, and forces in these degrees of freedom.

η = [ x, y, ψ ]T

ν = [ u, v, r ]T

τ = [ X, Y, N ]T

(1)

where η is the position and rotation in the Earth-fixed 
frame, ν represents the linear and angular velocity vector, 
and τ indicates the forces and moments acting on the hull. 

Fossen introduced a conventional model widely used for 
displacement vehicles (Moreira et al., 2007; Do et al., 
2004; Zheng and Sun, 2016), as indicated in Equation (2) 
(Fossen, 2002).

(MRB + MA ) v̇ + C (v) v + Ddv = τrudder + τpropeller + τext

(2)

Equation (2) includes the external ( )τext , the propeller 

( )τpropeller , the rudder ( )τrudder , the hydrodynamic damping 

( )Dd , the rigid body ( )MRB , added mass ( )MA , and Corio‐

lis and centripetal ( )C  terms.

τext = τwind + τcurrent + τwave (3)

The rigid body equation is expressed as follows:

MRB =
é

ë

ê

ê
êê
ê

ê ù

û

ú

ú
úú
ú

úm 0 0
0 m mxg

0 mxg Iz

(4)

Displacement vessels generally transit within a low-
speed range (Fn < 0.3). Consequently, first-order deriva‐
tives of hydrodynamic coefficients offer sufficient accuracy. 
Linear hydrodynamic coefficients are the most important 
vessel behavior, and higher-order derivatives have been 
ignored. The added mass terms are presented in Equation (5) 
as follows:

MA =
é

ë

ê

ê
êê
ê

ê ù

û

ú

ú
úú
ú

úXu̇ 0 0
0 Yv̇ 0
0 0 Nṙ

(5)

When a vessel moves through a fluid, it experiences pres‐
sure and shear drag. The hydrodynamic damping terms for 
the displacement vessel are vital factors affecting the ves‐
sel’s dynamics, as outlined in the following equation:

Dd =
é

ë

ê

ê
êê
ê

ê ù

û

ú

ú
úú
ú

úXu 0 0
0 Yv Yr

0 Nv Nr

(6)

The Coriolis effect and centripetal force are expressed 
as follows:

C (v) =

é

ë

ê

ê

ê

ê
êêê
ê

ê

ê ù

û

ú

ú

ú

ú
úúú
ú

ú

ú0 0 − m( )v + xgr + Yv̇v

0 0 ( )m − Xu̇ u

m( )v + xgr − Yv̇v − ( )m − Xu̇ u 0

(7)

The rudder and propeller effects are modeled as follows:

Figure 1　Earth-fixed and body-fixed frames (Fossen, 2002)

902



A. Hasanvand et al.: Adaptive Path-Following Control for Displacement Vessels at any Loading Conditions Under Ocean Disturbances

τpropeller =
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τrudder = δ
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(9)

2.1  Ocean disturbances

Waves, currents, and wind are prominent ocean distur‐
bances that greatly challenge maritime vehicles. These dis‐
turbances are consistently present in the marine environ‐
ment and influence maritime vehicles considerably. Waves, 
for instance, can deflect the vessel from the desired posi‐
tion. Given that waves are common in the sea, their effects 
must be considered when designing a path-following con‐
trol system, as depicted in Equation (10) (Fossen, 2002).

τwave = τwave1 + τwave2 (10)

The forces and moments induced by waves depend on 
wave frequency, vessel speed, angle of encounter, and 
wave height. Wind also contributes to external forces and 
moments. Equation (11) models the forces and moments 
caused by wind.

τwind =
1
2
ρaV

2
rw

é

ë

ê

ê
êêê
ê

ê

ê ù

û

ú

ú
úúú
ú

ú

úCX (γrw )AFw

Cy (γrw )ALw

CN (γrw )ALw Loa

(11)

The coefficients of wind forces and moments are depen‐
dent on the wind angle of attack, denoted by γrw. Then, γrw 
represents the wind angle of attack relative to the vessel. 
Relative velocities between the vessel and the ocean current 
were considered to determine the impact of ocean currents.

ur = u − uc, vr = v − vc (12)

2.2  Calculation of hydrodynamic coefficients

Various loading conditions in displacement vessels change 
their dynamic behavior. The control system is designed 
based on the dynamic model and performance of the sys‐
tem. A major factor influencing the dynamic behavior of 
commercial vessels is draught variation, which significantly 
alters parameters such as mass, inertia, and hydrodynamic 
coefficients. The VLCC2 oil tanker, a benchmark vessel, 
has been selected as a case study for modeling and motion 
control design. Its specifications are detailed in Table 1. 
Hydrodynamic coefficients were calculated for full load 
and ballast conditions using empirical formulas in Tables 2 

and 3. The VLCC2, similar to many conventional commer‐
cial displacement vessels, is an underactuated vessel. It is 
equipped with a propeller for propulsion and a rudder for 
steering. Full load and ballast conditions for commercial 
vessels are commonly different. These loading conditions 
cause considerable changes in the vessel’s draught, mass, 
and inertia. Table 1 presents the geometrical characteristics 
under full load and ballast conditions.

Table 4 presents the hydrodynamic coefficients of the 
VLCC2 vessel under the ballast and full load conditions. 
The table emphasizes that the coefficients and inertia param‐
eters, such as mass, vary significantly between ballast and 
full load conditions. Consequently, when designing the con‐
trol system, a robust controller for the full load condition 
may not necessarily be as effective for the ballast condition.

3  Adaptive path-following control

The loading conditions directly affect the dynamic behav‐
ior; that is, accelerations and velocities are influenced by 
these loading conditions. The adaptive law technique used 
in this study predicts the dynamic behavior of the vessel 
by the state estimator. The state estimator predicts the effect 
of unmodeled parameters, thereby determining the control 
gains. These gains must be adjusted to improve the perfor‐
mance of the path-following control relative to the fixed 
structure.

The waypoint with navigation function often generates 
the reference path to guide the ship in maritime navigation 
(Zhang and Zhang, 2013). In this study, the path-following 
control generated commands to guide the vessel to the 
desired position. The guidance system that uses the LOS 
technique sets the desired controller states. Then, the con‐
troller attempted to reach the desired state using naviga‐

Table 1　VLCC2 vessel main characteristics

Parameter

Fn

L (m)

B (m)

D (m)

∇ (m3 )

xg (m)

Iz (m)

CB

DP (m)

xr (m)

A (m2 )

Scale

Full load

0.141

320

58

20.8

312 600

11.2

2.05 × 1012

0.81

9.86

176

112.5

1

Ballast

0.141

320

45.7

10.1

109 300

11.2

7.17 × 1011

0.74

9.86

176

112.5

1
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tion feedback. The interceptor is intended to accomplish 
an intercept by limiting its motion along the LOS vector 
between the reference point and the target. The schematic 
of the proposed adaptive path-following control structure 
is depicted in Figure 2.

3.1  L1 adaptive control for heading angle

The L1 adaptive controller is a suitable adaptive control 
structure developed for systems with unknown parameters, 
disturbances, and time-varying parameters (Hovakimyan 
et al., 2011). The main structure for this type of controller 
is shown in Equation (13).

ẋs(t ) = Am xs(t ) + Bm(ωδ (t ) + θT(t ) xs + σ (t ) )
ys(t ) = cT xs(t )

(13)

All unknown parameters in Equation (13) were consid‐

ered bounded parameters. The reference model for the yaw 

motion was defined in Equation (14).



é
ë
êêêê

ù
û
úúúú
ψ̇

ṙ
ẋs

=

       

é

ë

ê

ê
êê
ê

ê ù

û

ú

ú
úú
ú

ú0 1

0
Nr

IZ + Nṙ

Am



é
ë
êêêê

ù
û
úúúú
ψ

r
xs

+

          

é

ë

ê

ê
êê
ê

ê ù

û

ú

ú
úú
ú

ú0

0.5ρCLU
2 Axr

IZ + Nṙ

Bm

δ (14)

The yaw reference model (14) is considered for pursu‐

ing the desired yaw. This reference model generates the 

continuous output ŷs ( t ) using the desired yaw ψd ( t ). To 

predict the yaw of the vessel, the estimated unknown param‐

eters are integrated in Equation (14).

Table 2　Empirical formulas for the hull’s added mass coefficients

References

Clarke et al. (1983)

Zhou et al. (1983)

Zhou et al. (1983)

Equation

Xu̇ = 0.05m

Yv̇ = m
é
ë
êêêê0.882 − 0.54CB( )1 − 1.6

D
B
− 0.156 (1 − 0.673CB ) L

B

+0.826
D
B

L
B (1 − 0.678

D
B ) ù

û
úúúú− 0.638CB

D
B

L
B ( )1 − 0.669

D
B

Nṙ = m
é
ë
êêêê

ù
û
úúúú

1
100 ( )33 − 76.85CB( )1 − 0.784CB + 3.43

L
B ( )1 − 0.63CB

unit

kg

kg

kg⋅s2

Table 3　Empirical formulas for the hull’s damping coefficients

References

Yasukawa and Yoshimura (2015)

Lee (1998)

Equation

Xu = − 0.011ρLDU

Yv = (éëêêêê − 0.4545
D
L

+ 0.065CB

B
L

ù
û
úúúú L

D ) ⋅ 1
2
ρLDU 2

Yr = (éëêêêê − 0.115CB

B
L

+ 0.0024ù
û
úúúú L

D ) ⋅ 1
2
ρLDU 2

Nv = xgYv

Nr = ( )é

ë

ê
êê
ê ù

û

ú
úú
ú− 0.003 724 + 0.104 46

D
L
− 1.393( )D

L

2
L
D

⋅ 1
2
ρL2 DU 2

unit

kg/s

kg/s

kg⋅m/s

kg⋅m/s

kg⋅m2/s

Table 4　Hydrodynamic coefficients of the VLCC2 vessel for full 
load and ballast conditions

Parameter

Xu̇ (kg)

Yv̇ (kg)

Nṙ (kg⋅s2)

Xu (kg/s)

Yv (kg/s)

Yr (kg⋅m/s)

Nv (kg⋅m/s)

Nr (kg⋅m2/s)

Full load

1.60×107

2.45×108

1.22×107

−5.97×105

−6.64×107

−4.81×108

−9.62×109

−1.95×108

Ballast

5.60×106

6.04×107

5.39×106

−2.89×105

−2.48×107

−3.24×107

−1.44×109

−6.09×107 Figure 2　Schematic of the proposed adaptive path-following control 
structure
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x̂̇s(t ) = Am xs(t ) + Bm(ω̂δ (t ) + θ̂T(t ) xs + σ̂ (t ) )
ŷs(t ) = cT x̂s(t )

(15)

where x̂s ∈ Rn × 1 indicates the state estimation. Equation (15) 

depicts the structure of the estimator. The estimator used 

the control signal and the system output to estimate the 

states for the next step. The adaptation laws were applied to 

approximate the unknown parameters, achieving improved 

performance. The unknown parameters are assessed using 

Equation (16).

ω̇̂ ( t ) = Γproj (ω̂ ( t ) , − u ( t ) x͂ T
s ( t ) PBm ) ,  ω̂ ( 0 ) = ω̂0

θ̇̂ ( t ) = Γproj (θ̂ ( t ) , − x ( t ) x͂ T
s ( t ) PBm ) ,   θ̂ ( 0 ) = θ̂0

σ̇̂ ( t ) = Γproj ( σ̂ ( t ) , − x͂ T
s ( t ) PBm ) ,            σ̂ ( 0 ) = σ̂0

(16)

where Γ ∈ (0, ∞) is the adaptation rate; P = PT > 0 indi‐

cates the positive definite matrix, which is extracted from 
the Lyapunov equation AT

m P + PAm =  −Q, and x͂s = x̂s − xs 
defined as the prediction error. Finally, the projection oper‐
ation is expressed in Equation (17) (Hovakimyan et al., 
2011).

proj(θ, y ) ≅
ì

í

î

ï

ï
ïï
ï

ï

ï

ï
ïï
ï

ï

y if  f (θ ) < 0

y if  f (θ ) ≥ 0  and  ∇f T y ≤ 0

y − ∇f

 ∇f

∇f

 ∇f
, y f (θ ) if  f (θ ) ≥ 0  and  ∇f T y > 0

(17)

The projection operator in the adaptation laws attempted 
to estimate the parameters to prevent diverging because 
function Y is bounded (Patre et al., 2008). The projection 
function was used in many common adaptive controllers 
to ensure the robustness of the adaptation law, validating 
the stability of the internal signals within the system.

Asymptotic convergence of the error signal was deter‐
mined using Barbalat’s lemma, which enhanced the adap‐
tive controller using the adaptation law approach in the 
upcoming subsection (Dydek et al., 2010; Lavretsky and 
Wise, 2012). The L1 controller signal law for the vessel’s 
heading is obtained using Equation (18) (Hovakimyan et al., 
2011).

δ (t ) =
1

ω̂ ( )t (kgψd(t ) − θ̂T(t ) xs − σ̂ (t ) ) (18)

where kg is computed using kg = − 1 ( )cT A− 1
m Bm .

3.2  Stability analysis

The bounds and asymptotic properties of the error are 
examined using the Lyapunov-function candidate (19).

V ( x͂s(t ) , ῶ (t ) , θ͂ (t ) , σ͂ (t ) ) =

x T
s (t ) Px͂s(t ) +

1
Γ (ῶ2(t ) , θ͂T(t ) θ͂ (t ) , σ͂2(t ) ) (19)

A derivative of (19), along with the estimation error 
(20), derives Equation (21) as follows:

ẋ͂s(t ) = Am x͂s(t ) + Bm(ῶ (t ) δ (t ) + θ͂T(t ) xs(t ) + σ͂ (t ) )
(20)

V̇ (t ) = x͂ T
s (t ) (AT

m P + PAm ) x͂s(t )
+2x͂ T

s (t ) PBm( σ͂ (t ) + ῶ (t ) δ (t ) − θ͂T(t ) x͂s(t ) )
+

2
Γ (ω̇̂ (t ) ῶ (t ) + θ̇̂ (t ) θ͂ (t ) + σ̇̂ (t ) σ͂ (t ) )
− 2
Γ ( σ͂ (t ) σ̇ (t ) + θ͂ (t ) θ̇ (t ) )

(21)

Then,

V̇ (t)= − x͂ T
s (t )Qx͂s(t )

+2ῶ (t ) ( x͂ T
s (t ) PBmδ (t )+ proj(ω̂ (t ) , δ (t ) x͂ T

s (t ) PBm ) )
+2θ͂ (t) ( x͂ T

s (t) PBm xs(t)+proj(θ̂ (t) , −xs(t) x͂ T
s (t) PBm ) )

− 2σ͂ (t ) ( x͂ T
s (t ) PBm − proj( σ̂ (t ) , x͂ T

s (t ) PBm ) )
− 2
Γ ( σ͂ (t ) σ̇ (t )+ θ͂ (t ) θ̇ (t ) )                                            (22)

Notice that V̇ ( t ) ≤ 0, if

 x͂s( )t ≤ γ0

Γ′
   for  all  t ≥ 0 (23)

where θmax ≅ max
θ ∈ Θ

 θ , and for γ0

γ0 ≅ θmi

λmin( )P ′

θmi ≅ 4θ 2
max + 4σ 2

b + ( )ωmax − ωmin

2

+
4λmax( )P

λmin( )Q
( )θmaxdθ + σbdσ

(24)
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Equations (19) and (21) are independent of the control 
signal. Consequently, the estimation error is independent 
of the control signal. Over time, the state predictor with 
the control signal (18) is equivalent to the reference model 
(14). xs is bounded because x̂s and x͂s are uniformly bounded 
(Hovakimyan et al., 2011).

3.3  Rudder constraints

The actuator may be involved in constraints that limit its 
ability to apply the control command. Conventional vessel 
rudders face two main constraints: the maximum deflec‐
tion rate and the maximum/minimum deflection angles. 
Typically, rudder deflection for commercial vessels is con‐
fined within the range of −35° to 35° , and the maximum 
deflection rate is limited to 2.3(°)/s. Equation (25) was uti‐
lized to determine the rudder’s deflection rate, whereas 
Equation (26) was used to identify the maximum and mini‐
mum deflection angle constraints.

δ̇min ≤ δ̇ ( t ) ≤ δ̇max (25)

δmin ≤ δ ( t ) ≤ δmax (26)

4  Results and discussion

In the previous sections, we discussed the dynamic model, 
hydrodynamic coefficients, and adaptive path-following 
control structure. This section focused on the simulation of 
the following predefined paths for VLCC2 based on the 
LOS guidance. The adaptive structure and the fixed struc‐
ture were compared; the results showed that the only dif‐
ference in the path-following control was the controller’s 
structure.

For the PID controller, control gains (kp, ki, and kd) for 
the yaw angle were set to 0.61, 0.000 105, and 1.74, respec‐
tively. These values were calculated using the hydrody‐
namic coefficients, natural frequency, and the rudder satu‐
ration under the full load condition (Fossen, 2002). On the 
contrary, in the L1 adaptive controller, the initial values of 
ω̂0, θ̂0, σ̂0 were set to 1, 0, and 0, respectively. Moreover, 
the adaptive rate was denoted as Γ = 0.1. Full load and bal‐
last conditions under ocean disturbances were examined 
separately.

4.1  Simulation results of full load condition

In this state, the path-following control guided the VLCC2 
to remain on the desired path using the PID and L1 adap‐
tive controllers. At the onset of the simulation, the guid‐
ance system determined the desired heading for the control 
system based on the initial positions. In the next step, using 
the control algorithm, the controller decides the rudders 
deflection. The dynamic model represented the vessel’s 
motions to estimate the next time step movement. The 

guidance system and the described cycle were repeated 
based on the new position until the final waypoint. The 
simulations were conducted using the hydrodynamic coef‐
ficients for the full load and full-scale condition. The desired 
positions are presented in Table 5.

Figure 3 depicts the trajectory of the vessel under PID 
and L1 controllers. In this scenario, the classical and adap‐
tive controllers exhibited excellent performance. The head‐
ing error and velocities for both cases were relatively close 
to each other (Figures 4 and 5), causing a similar control 
command in these scenarios. Figure 6 demonstrates the es‐
timated parameters by the adaptation law for the adaptive 
control. These parameters were bounded and indicated that 
the estimation performance was accurate. The RMSE of 
the tracking errors must be analyzed, and the performance 
of the two controllers must be compared (Table 6). The 
comparison of the results in Table 6 indicates that the error 
value and performance of the two controllers are close. 
Consequently, for the dynamics with specified parameters, 
advanced controllers may not be used.

4.2  Simulation results of ballast condition

Commercial vessels frequently transition between ports 

Figure 3　Trajectory of the vessel for full load condition

Table 5　Desired waypoints

Desired waypoints

Initial position

Waypoint 1

Waypoint 2

Waypoint 3

Waypoint 4

Waypoint 5

Waypoint 6

Waypoint 7

X0 (km)

0

0

5

5

10

10

15

15

Y0 (km)

0

10

10

−10

−10

10

10

0
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under varying loading conditions. Path-following control 
systems must track the path under any loading conditions. 
Simulations were conducted using hydrodynamic coeffi‐
cients for the ballast condition and at full scale to assess 
the impact of loading conditions. The objective was to 

track desired positions, as presented in Table 5.
Figures 7 and 8 demonstrate the trajectory and veloci‐

ties of the vessel. Notably, the performance of the classical 
PID controller in the ballast condition decreased compared 
with that of the full load condition. The trajectory plot 
(Figure 8) reveals oscillations around the interceptor for 
the PID controller case. Furthermore, the speed and control 
commands (Figures 8 and 9) indicated significant oscilla‐
tions compared with the L1 adaptive controller. The PID 
controller’s robustness decreased because it could not 
adapt its gains effectively. On the contrary, the L1 control‐
ler (Figure 10) exhibited robustness and excellent perfor‐
mance despite the changes in the dynamic behavior. The 
L1 controller used an adaptation law to estimate unknown 
parameters (Figure 11) that minimized the impact of uncer‐
tainty and unmodeled parameters in path-following con‐
trol. As a result, estimating unknown parameters enhanced 
the performance of the proposed approach. Table 6 illus‐
trates the RSME of the tracking error for the yaw angle, 
indicating that the adaptive control structure had a smaller 
error and rudder usage cost function than the traditional 
controller.

Figure 4　Linear and angular velocities for full load condition

Figure 5　Heading error, propeller rotation, and rudder angle curve 
for full load

Table 6　RMSE of tracking error and rudder usage cost function

Condition

Full load

Ballast

Full load under disturbances

Controller

PID

L1

PID

L1

PID

L1

RMSE ψ (°)

0.079

0.072

0.059

0.068

‒

0.06

RMSE ψm (°)

‒

0.024

‒

0.007

‒

0.002

∑|Δt (δi − δi − 1 ) |
1.24

1.27

3.45

1.4

‒

9.91

Figure 6　Estimated unknown parameters for full load condition
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4.3  Full load condition under ocean disturbances

In this section, the two designated controllers for full 
load and full-scale conditions under disturbances are used 
to track the desired path. The controllers attempted to reach 
the desired yaw angle of the vessel at each time step. The 
simulation’s initial point was set at the origin of the Earth-
fixed frame.

The performance of the controllers in the presence of 
ocean disturbances was evaluated. The simulations involved 
ocean conditions of sea state 5 with a frequency of 0.1 (T = 
62.8 s). A two-knot current and a two-knot wind blowing 
were also observed at a 45° angle to the north. These condi‐
tions were applied to the vessel throughout the simulation.

In the simulations described in Section 4.3, the effect of 

Figure 10　 Yaw angle of desired, model reference, and planet 
(vessel) for ballast condition

Figure 11　Estimated unknown parameters for ballast condition

Figure 8　Linear and angular velocities for ballast condition

Figure 7　Trajectory of the vessel for ballast condition

Figure 9　Heading error, propeller rotation, and rudder angle curve 
for ballast condition
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ocean disturbances was continually applied to the vessel’s 
hull. The waves periodically influenced the vessel’s three 
degrees of freedom, depending on the encounter angle and 
encounter frequency. Figure 12 shows that the trajectory 
that inferred the vessel with the classical controller could 
not track the desired path, whereas the L1 adaptive control‐
ler demonstrated excellent performance. Figure 13 illustrates 
the velocities during the path-following in the presence of 
disturbances. Moreover, the hull had a drift angle (sway 
velocity) due to currents and winds. Wave forces induced 
motion oscillations, resulting in fluctuations of control com‐
mands (Figure 14). The L1 controller attempted to bring the 
vessel output closer to the reference model (Figure 15) by 
estimating unknown parameters (Figure 16). Remarkably, 
in the presence of disturbances, the L1 controller has dem‐
onstrated excellent and high-quality path-following perfor‐
mance, whereas the classical controller was disabled to 
track the desired position.

Figure 18 shows the heading of the vessel during the 
path-following under the influence of disturbance forces 
and moments (Figure 17). A drift angle relative to the inter‐
ceptor has been found due to external forces along the ves‐
sel’s sway direction. This finding implies that the rudder 
was consistently deflected during the mission to overcome 
disturbances. Notably, when the vessel encountered quar‐
tering seas, the greatest deviation in heading occurred, 
whereas the slightest deviation occurred in the following 
and head seas (Figure 14).

Displacement vessels commonly transition within the 
harbors, and intelligent path-following control in similar 
situations requires performance assessment. Adaptive path-
following control in the geography map has been evaluated 
to assess the performance of the two control systems. In 
this simulation, the vessel motioned under one-knot currents 
at a 3.92 m/s (Fn = 0.07) velocity, attempting to follow the 

Figure 12　 Trajectory of the vessel for full load condition under 
disturbances

Figure 15　 Yaw angle of desired, model reference, and planet 
(vessel) for full load condition under disturbances

Figure 14　 Heading error, propeller rotation, and rudder angle 
curve for full load under disturbances

Figure 13　 Linear and angular velocities for full load under 
disturbances
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position outlined in Table 7. The selected area for investi‐
gation was the harbor of Bandar-e-Imam Khomeini Port.

Figure 19 demonstrates the performance of the adaptive 
path-following control used for the VLCC2 vessel near 
Imam Khomeini Port. An overshoot was observed during 
the path-following process near waypoints due to the sig‐
nificant inertia and time delay. However, the L1 adaptive 
controller proved effective for maneuvering specific areas, 
such as harbors. On the contrary, the PID controller did 
not perform effectively in the following predefined paths, 
potentially leading to collision risk in a crowded area.

5  Conclusion

An optimized path-following control enhances vessel 
guidance and system efficiency, reduces energy consump‐
tion, minimizes human intervention, and improves safety. 
It encompasses guidance, navigation, and control, where the 
performance of each component, particularly the control‐
ler, is essential and can extend the mission. An advanced 
controller for underactuated commercial vessels focused on 
path-following control was developed to improve control 
under various loading conditions and ocean disturbances, 
especially for displacement vessels. The L1 adaptive con‐
troller has been utilized to manage the states of commer‐

Figure 16　Estimated unknown parameters for full load condition 
under disturbances

Figure 17　 Disturbance forces and moment (waves, wind, and 
current)

Figure 18　 Hull’s drift angle relative to the interceptor under 
disturbances

Table 7　Desired waypoints in geography map

Desired waypoints

Initial position

Waypoint 1

Waypoint 2

Waypoint 3

Waypoint 4

Waypoint 5

Longitude

30.427 75

30.428 36

30.395 68

30.397 48

30.422 36

30.420 35

Latitude

49.058 77

49.059 42

49.122 63

49.135 03

49.135 03

49.065 02

Figure 19　 Trajectory of the vessel at the simulation of path-
following in the geography map (Port of Bandar-e Emam Khomeyni)
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cial tankers on the full scale. The findings indicate that lin‐
ear and classical controllers (fixed structure) perform effec‐
tively under calm water and ideal environments. However, 
in other loading conditions, due to the changes in dynamic 
behavior, the classical controller exhibited poor perfor‐
mance and lost its capability under an uncertain environ‐
ment. The L1 adaptive controller (adaptive structure), on 
the contrary, was robust due to the updated control gains at 
each time step through the estimation of unknown parame‐
ters. The adaptive control structure exhibited consistent 
performance even in uncertain environments. Notably, the 
L1 adaptive controller demonstrated robustness against 
significant draught changes. This finding highlights its 
potential to extend the operational range and enhance the 
performance of commercial vessels throughout the year.

Nomenclature

L

D

CB

ρ

ρa

Vrw

Loa

X0

Y0

τext

U

ψ

u

v

r

m

Fn

IZ

Xu

Yv

Nr

Yr

Nv

uc,vc

ur,vr

Length of vessel

Draught of vessel

Block coefficient of vessel

Water density

Air density

Wind speed relative to vessel speed

Longitudinal center of wind force from the center 
of gravity

x position in the Earth-fixed frame

y position in the Earth-fixed frame

External forces and moment

Magnitude velocity

Yaw angle

Surge velocity

Sway velocity

Yaw rate

Vessel’s mass

Froud number

Mass moment of inertia around the Z-axis

Surge linear hydrodynamic damping with respect 
to surge velocity

Sway linear hydrodynamic damping with respect to 
sway velocity

Yaw linear hydrodynamic damping with respect to 
yaw velocity

Sway linear hydrodynamic damping with respect to 
yaw velocity

Yaw linear hydrodynamic damping with respect to 
sway velocity

Surge and sway velocities of current in body-fixed 
frame

Relative surge and sway velocities between current 
and vessel

δ̇max, δ̇min

δmax, δmin

ω, θ, σ

P

Γ

c

V

x̂s

x͂s

Q

λmax, λmin

B

∇
δ

X, Y, N

CX , CY , CN

γrw

AFw, ALw

MRB

MA

C

Dd

DP

KT

n

xg

xr

A

CL

Xu̇

Yv̇

Nṙ

τwave, τcurrent, 

τwind

τwave1

τwave2

ψd

kp, ki, kd

Am

Bm

Maximum and minimum rudder angle rate

Maximum and minimum rudder angle

Unknown parameter, time variant unknown 
parameters and input disturbance

Positive definite matrix

Adaptation rate

Output matrix

Lyapunov-function candidate

Prediction state vector

Prediction error of states vector

Positive and defined matrix

Max/min eigenvalue of the matrix

Beam of vessel

Displacement of vessel

Rudder angle

Surge force, sway force, yaw moment around 
midship

Surge force, sway force and yaw moment 
coefficients with respect to wind

Angle of attack of the wind relative to the vessel

Frontal and lateral projected areas above the water 
line

Rigid body term

Added mass term

Coriolis and centripetal matrix

Hydrodynamic damping term

Propeller diameter

Propeller thrust coefficient

Propeller rotational speed

Longitudinal center of gravity from midship

Longitudinal rudder from center of gravity

Rudder area

Rudder lift coefficient

Surge linear added mass with respect to surge 
acceleration

Sway linear added mass with respect to sway 
acceleration

Yaw linear added mass with respect to yaw 
acceleration

Forces and moments of waves, current and wind 
acting on the hull

First-order of the forces and moment of waves

second-order of the forces and moment of waves

Desired yaw angle

Proportional, integral, and derivative gains of PID 
controller

States matrix

Actuator matrix
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ω̂, θ̂, σ̂

ψ̂

ψ͂

ψm

xs

ys

ŷs

Estimated parameters of ω, θ, σ

Prediction yaw angle

Prediction error of yaw angle

Yaw angle of the reference model

State vector

Output vector

Prediction output vector
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